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An Integrated Cryogenic System for
Spacecraft Power, Thrust, and Cooling

W. L. BURRISS J. L. MASON

This paper 1s intended to demonstrate the
capabilities of hydrogen in lntegrated systems
providing cooling, secondary power, and thrust
for certain classes of space vehicle. The appli-
catlons where hydrogen can be used to advantage
are characterized by high heat loads, moderate
secondary power, and low thrust requirements.
Manned reentry vehicles and recoverable boosters
are examples of applicatlions where substantial
welght savings or improvements in vehicle mission
capability can be effected.

The unique properties of hydrogen lead to
high-performance, multiple-purpose systems which
appear to offer potential advantage with respect
to simplicity and reliability as well as welght.
Since the announcement of the advanced booster
programs utilizing hydrogen as the propellant,
the obJectlions to hydrogen, which were based upon
the supply, storage and handling of a very low-
temperature fluid, have largely been dispelled.
In fact, use of hydrogen in secondary systems may
now represent a reduction in the logistics prob-
lems since a single fluid, which will be avail-
able in large quantities at the launching com-
plex, can perform the functions of a high~per-
formance heat sink, working fluid, and propellant.
Cconsiderable welght savings are realized when the
same hydrogen flow 1s used for all three func-
tions. Attainment of maximum utilization of the
hydrogen supply requires careful integration of
all the vehicle systems.

donsiderable interest has developed during
the pdst two years concerning application of cry-

. ogenlc hydrogen to secondary systems for space
vehicles. References (1) through ( _6_)1 represent
some of the published reports describing hydrogen
éecondary power systems which provide heat-sink
capabilities for the environmental control system,
Zwick (1) proposes use of a Rankine-cycle heat
engine with sulfur as the working fluild, using a
stoichiometric hydrogen-oxygen combustor as the
P
1l yUnderlined numbers in parentheses designate
References at the end of the paper.
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Fig.1 Simplified system schematic

energy source. Breaux (2), Hlavka {(3), and
orsini (4) consider power conversion by means of
multiple-stage turbines, using fuel-rich combus-
tion products of hydrogen and oxygen as the work-
ing fluld in an open cycle. Howard (5) proposes
use of a positive~-displacement reciprqcating en-
glne as a hydrogen expander. Wood (Q) presents
the advantages of the posltive-displacement ex-
pander at low power levels as well as a proposed
performance referent based on an infinite pres-
sure ratio.

References (J) through (13) give data con-
cerning various properties of hydrogen.

DESCRIPTION OF SYSTEM

Fig.l depicts the system which will be dis-
cussed. Hydrogen 1s stored in a supercritical
state (typically 300 psi and 50 R) or as a liquid
at lower pressures. The hydrogen 1s heated in a
heat exchanger to provide environmental cooling
capabllities. The heated hydrogen 1s expanded
through a turbine supplying vehicle secondary
power. The hydrogen discharged from the turblne
i1s additionally expanded in a nozzle to provide
thrust. The magnitude of the thrust, produced
from hydrogen flows consistent with the secondary
power and coollng requirements, 1s of the order
needed for low-thrust attitude control.

It should be noted that with this systenm,
useful power is derived from waste heat. An im-
portant factor in system design in determining
the performance of hydrogen as a working fluild
and propellant will be the maximum effective tem-
perature of the heat source. In some applica~-
tions requiring large amounts of secondary power
or thrust, it may be desired to use an additional
source of heat provided chemically by the combus-
tion of hydrogen with an oxidant. Or, 1t may
even be desired to increase the temperature of
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Fig.2 Hydrogen, water and ammonia enthalpy change

the surfaces exposed to aerodynamic heating (that
are also cooled by hydrogen) by selection of ma-
terials which minimize radiative heat losses or
by aerodynamic design intended to maximize aero-
dynamic heating. This represents a reversal of
conventlonal practice in the design of reentry
bodles.

THERMODYNAMICS OF HYDROGEN

Liquid hydrogen occurs in two nuclear spin
quantum states as orthohydrogen and parahydrogen
(7). Normal hydrogen consists of 75 per cent
orthohydrogen and 25 per cent parahydrogen. In
the 1liquld state, orthohydrogen undeérgoes an exo-
thermal transition to parahydrogen at rates high
enough to cause conslderable loss of liquid in
storage. Consequently, the liquid-hydrogen
plants have been designed to produce essentially
pure parahydrogen.2 Table 1 shows some of the
properties of hydrogen:

Hydrogen, because of its low molecular weight,
has exceptional properties as a working fluild for
a turblne and as a propellant. Because of 1its
high specific heat, hydrogen also has extremely
high heat-sink capabilities as an expendable
evaporant when heated from cryogenic storage tem-
peratures. Fig.2 shows the enthalpy change as a
function of temperature for hydrogen from two
storage conditions: (a) as a liquid at the nor-
mal boiling point of 36.5 R and (b) as a super-
eritical-state fluid at 300 psi and 50 R. Little
difference exists in the heat-sink capabilities
between storage as a liquid and storage 1irn the
supercritical state; storage as a liquid will
lead to lighter welight storage vessels because
of the lower pressure, but w#1ll entail some prob-
lems with respect to zero-g liquid withdrawal

2 99.79 per cent parahydrogen and 0.21 per cent
orthohydrogen.
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Fig.3 Theoretical specific output for pure hydrogen cycle

TABLE 1 PROPERTIES OF HYDROGEN

hrn. Orthe
Molecular Weight 2.018 2,018
Normal Boiling Poimt (14.7 psia) 36.5°R 36.8°

Latent Heat of Vaperization 190.5 Btu per 1b 191.8 Btu per 1

Critical Temperature 59.4°R 39.7°R

Critical Pressure 187.7 psia 191.7 peia
Enthalpy of Liquid at NBP
(Relative to ideal parahydrogea

gas at zero R)

~109 Btu per 1» =193 Btu per 1b

which will be encountered in most space applica-
tions. Shown also in Fig.2, for purposes of com-
parison, are the equivalent data for water and
ammonla, both of which are frequently used as ex~
pendable evaporants for environmental system heat
sinks. The indicated superiority of hydrogen
over ammonia and water 1s somewhat offset by the
increased tankage welght required for hydrogen.

As a working fluid for expansion engines,
hydrogen has behavior closely approximated by the
perfect gas law, since the operating conditions
will be far removed from the critical state.
Thus, for pure hydrogen, the work output is given
by the following expression:

o k=1
kK R (Pn K
o e— = v -l =
Specific work output K1 Ty it 1
(1)

where
Kk = specific heat ratio

R = gas constant = 1544 ft-1b per 1b mole
degz R
M, = molecular weight of working fluld = 2.016
for pure hydrogen
Tt = expander inlet total temperature, deg R
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Fig. 4 Thrust nozzle specific impulse, hydrogen as a propel-
lant

Ne = expander adiabatic efficiency
P, = expander inlet pressure
P, = expander discharge pressure

Pig.3> shows the performance of hydrogen as
a working fluid in a turbine as a function of
pressure ratio (Pt/Pn) and turbine-inlet temper-
ature {T,°R) for an expander efficiency of 100
per cent. The performance shown 1s much higher
than that of any monopropellant which 1s suitable
f£~~ use With secondary power units. Hydrazine
has the highest performance of the APU monopro-~
pellants and gives specific outputs of the order
of 150 to 200 watt«hr per 1lb at a turbine-inlet
temperature of 1800F and very low discharge pres-
sures.

The specific impulse for pure hydrogen as a
propellant is given by the following equation:

k-1
Specific impulse -{ ;..:kf _85__“: T, nv{l_(gi)“g‘]}%

(2)
where

& = gravitational acceleration = 32.2 ft per
secz

Tn = thrust-nozzle inlet total temperature,
deg R

Pn = thrust-nozzle inlet pressure

P, = thrust-nozzle discharge pressure

thrust-nozzle efficlency

=
2]
]

Fig.4 shows the theoretical specific impulse
of hydrogen as a function of nozzle inlet temper-
ature (T, °R) and nozzle pressure ratio (Pn/?a).
High specific impulse 1s given, even at low tem-
peratures and pressure ratlos.

The temperature drop across tife prime mover,
which relates the thrust-nozgzle inlet temperature
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and the expander inlet temperature, 1s given in
Fig.5 as a functlion of expander specific output.
It may be desired to increase the energy level
of the gas for propulsion by additional combus-
tion with oxygen.

Flg.6 shows the density of hydrogen as a
function of storage temperature and pressure.

The low density of hydrogen and the extremely low
temperatures involved in 1ts storage are the main
disadvantages in application of hydrogen.

Pig.7 glves the net cooling capaclty as a
function of expander power output. The net cool-
ing capacity must be supplied to the system In
order for the power unit to supply the specified
output under the given conditions. In the useful
temperature range, the expander inlet temperature
has little influence on the net cooling capacilty
because, at the higher inlet temperatures, the
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expander specifice-power output offsets the in-
creased enthalpy of the hydrogen.

Fig.8 shows the avallable thrust as a func=
tion of expander power output for specified ex-
pander and thrust-nozzle pressure ratios (both =
100). Higher expander inlet temperature is ac-
companied by reduced thrust, since the increased
specific impulse (proportional to Ty ) 1s more
than offset by the lower hydrogen flow resulting
from the increased expander specific output (pro-~
portional to Tt)'

PROPELLANT TANKS

As 1s generally realized, tankage size and
welght are of major importance in the design of
oxygen=hydrogen systems. Both of these fluids
are best stored at cryogenic temperatures in or-
der to obtain maximum density. Minimization of
tankage weight thus involves careful thermal de-
sign to avoid propellant loss by vaporization or
venting. The hydrogen tank requires the most
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Fig.10 Fluid heat input requirements for
constant pressure operation supercritical
hydrogen storage

consideration in this respect because of its rel-
atively large volume.

The space-vehicle environment is particularly
favorable for cryogenic storage in one major re-
spect. The tank amblent 1s a practically pure
vacuum; the only heat transfer to the fuel (aside
from conduction through a structural support) 1is
by radlation from compartment walls and external
equipment. This eases the insulation problem
considerably.

The zero gravity condition assoclated with
space flight affects the fuel-tank design in two
respects: (a) If the fuels are stored as lig-
uids, positive design techniques must be employed
to insure single-phase withdrawal. (b) It neces-
sitates pressurized transfer. Tankage design
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Fig.11 Supplemental heat requirements for pure hydrogen cycle

studles and tests have indicated that two general
methods of fuel storage can be consldered most
suitable: There are (a) low=-pressure storage of
the flulds as 1liquid using expulsion bladders and
(b) supercritical storage.

Flg.9 1s an estimate of hydrogen tankage
welght for two storage pressures as a function of
time and withdrawal rate. Supercritical storage
permlts agravic operation and elimination of hy-
drogen pumps. However, as shown in PFig.10, sub-
stantial energy inputs are required to maintain
supercritical condlitions. Since the peak heat
loads and maximum power demands do not necessar-
1ly coincide, some form of supplemental heat in-
put or cooling may be required during portions
of the mission.

SYSTEM HEAT INPUT

The total heat input to the hydrogen working
fluld 1s derived from three sources: The inter-
nal heat load, represented by the equipment and
metabolic loads; the external heat load, repre-
sented by aerodynamic heating and solar radiation
loads ; and supplemental heat input, represented,
for example, by combustion of hydrogen with
stored oxygen (to bring the working fluid to the
optimum temperature range for maximum utillzation
of the hydrogen). The equipment heat load 1is
equal to the energy extraction from the working
fluid in the prime mover. Thus, the sum of the
energy inputs from the other sources must be

equal to the increase in enthalpy of the material
(from storage conditions) leaving the system.
This additional heat input is depicted 1n Flg.ll
for the pure-hydrogen cycle as a function of cy-
cle efficlency where all of the power generated
by the expander is absorbed in heating of the
hydrogen. Cycle efficiency is defined as the
product of the prime-mover adiabatic efficiency
and the isentropic expansion factor, equation (1)
For example, 1f the internal power generation
represents an output of 500 watt-hours per 1b
(1704 Btu/1b) with an expander inlet temperature
of 300 F, approximately 900 Btu must be supplied
to the system per pound of hydrogen. It will be
found that in many instances. the additional en-
ergy provided by combustion with oxygen will be
required for at least a portion of the mission
duty cycle.

Pig.12 shows the oxygen=-hydrogen weight ratio
required to attain a given expander inlet tem-
perature as a function of combustor inlet temper-
ature (coolant top temperature). Simple expan-
sion heat engines will be limited to relativeiy
low inlet temperatures which means that the cycle
will usually be operated fuel rich, at oxygen-
hydrogen ratlos less than one.

Flg.l3 glves the correction factors for oxy-
gen-hydrogen combustion products to be applied
to the specific impulses and to the specific work
outputs given by Figs.3 and 4 for pure hydrogen.
For example, 1f an oxygen-hydrogen ratio of 1.0
i1s required to reach an inlet temperature of

b
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Fig. 12 Oxygen requirements for bipropellant cycle

TABLE 2
SPECIFIC PROPELLANT CONSUMPTION REQUIRED POR ENERGY BALANCE
SPc (LB PER BEP HR) TO GIVE
COOLANT ENERGY BALANCE
ToP
™e,
bee ¥ o/8 - o/8 - 0/8 - o/8 - 0/8 - 0/H =
0 1 2 4 s 1.4
100 1.43 2.01 3.58 5.13 .30 1.18
200 1.20 2.19 3.03 4.38 5.37 6.13
300 1.08 1.89 2.02 3.79 Y B 5.31
500 0.81 1.49 2,08 3.00 .72 427

1800 F, a correction factor of 0.53 1s applied
to the specific work output for pure hydrogen,
which 1s 2310 watt-hours per 1b (0.323 1b per
hphr) at an infinite pressure ratio, reducing it
to 1230 watt-hours per 1b (0.607 1b per hphr).
Similarly, the correction factor for the specific
impulse is 0.727, which reduces the specific im-
pulse from 635 sec to 461 sec, both at an infi-
nite pressure ratlo and a thrust-nozzle effi-
clency of 1.0, Cycle efficlencies, represented
by the product of the adlabatic efficlency and
the isentropic expansion factor, must be applled
to the theoretical specific work and specific im-
pulse to indicate realizable performance. The
correction factors given in Fig.l3 are applicable
to gas temperatures in the 200-2500 F range.

6

Fig.l4 shows the variation in the heat-sink
capacity of the propellants as a function of the
oxygen=hydrogen ratio and the ~oolant top temper-
ature, Table 2 lllustrates the limitation on
prime-mover specific propellant consumption, 1f
the propellant flow is to be used as the heat
sink for the environmental control system. Fig,
14 and Table 2 are based upon an energy balance
between heat transferred to the propellant flow
and power-unit output, as follows:

q 2545 [(0/H) + 1]
P (né-nc")-l-(o/H)(Hg-ug)

(3)

SPC for energy balance =

where
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Q/P = fraction of expander shaft-power out-
put absorbed as heat in propellant
flow

0/H = oxygen-hydrogen ratlo

Hé - Hé = enthalpy change in heating hydrogen
to coolant top temperature
H: - H: = enthalpy change in heating oxygen to
coolant top temperature

Equation (3) is based upon an energy balance
and does not indicate attalnable prime mover per=-
formance, which is given by equation (1).

HYDROGEN POWER CYCLES

Hydrogen can be utilized in a number of dif-
ferent cycles for the generation of power, The
principal methods of interest in secondary-power
applications can be classified in three catego-
ries, as follows:

1 Pure hydrogen systems.

PURE H.

\ L,
(EXTERNAL
. \ HEAT)
! "

e

e o e
TURBINE \RE 0 600
0

[} 20 40 60 80 100
TURBINE ADIABATIC EFFICIENCY. PER CENT

Fig.15 Performance of four hydrogen systems

2 Stoichiometric oxygen-hydrogen bipropel-
lant systems:
Open-cycle heat englnes:
Otto and diesel cycles,
Closed-cycle heat engines:
Rankine and stirling cycles.
Open~Cycle fuel cells:
Direct and indirect types.
Compound conversion cycles:
Thermionic {(or MHD) and thermoelectric,
3 Puel-rich oxygen~hydrogen bipropellant
systems:
Exhanst recuperative.
Output feedback regenerative,
Interstage reheat.
Simple opén cycles.

Pure hydrogen systems can be used where rel-
atlively large amounts of waste heat are avallable
for heating of the hydrogen. The stoichlometric
bipropellant systems have high performance 1in
terms of high specific outputs with respect to
both weight and volume, but provide comparatively
little cooling capacity. The fuel-rich bipropel-
lant systems provide high performance in terms
of secondary power, cooling and thrust.

The performance of four different types of
hydrogen power cycle 1s shown in Fig.15. In the
simple oxygen-hydrogen system, there is a combus-
tor in whilch oxygen 1s added to the hydrogen and
burned to increase the temperature of the working
fiuild. In the pure-~hydrogen system, the oxygen

7
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Fig. 16 Optimum oxygen-hydrogen ratio
for SPC = 1. 3 1b per hp hr considering
heat-sink requirements

has been eliminated completely, thus affording
the opportunity for minimum propellant welght.

0f course, heat must be provided from an external
source, as previously discussed. There are many
ways to improve performance of the simple oxygen-
hydrogen cycle; two are shown in Fig.l5, the ex-
haust recuperative cycle and the output feedback
cycle. In both instances, waste heat 1s utilized
for propellant heating. In the first instance,
the prime-mover exhaust acts as the heat source;
in the second case, the equipment heat load 1s
the heat source.

Stable combustion of oxygen and hydrogen can
be accomplished over a wide range of conditions
with respect to pressure and mixture ratio. Stol-
chiometric combustion of hydrogen and oxygen 1s
accompanied by a high heat of reaction, with the
flame temperature limlted by the thermal disso-
clation of water to 4800 F at 14.7 psia (6500 F
at 1000 psia). A number of different types of
conversion device can be designed to accommodate
near-stolchiometric oxygen-hydrogen ratlos, as
previously mentioned. Thermodynamic calculations,
such as those shown in Fig.l4, will show that op-
eration at stoichliometric ratios produces usefus
cooling representing something less than 25 per
cent of the power output.

At a specific propellant consumption of 1.3
1b per bhphr, an oxidizer-fuel ratio of 0.85 will
provide sufficient cooling capacity, in the pro-
pellant flows, to absorb the power output as a
heat load. At oxygen-hydrogen ratlos in excess
of 0.85, supplemental cooling will be required.

8

This is 1llustrated in Fig.16 for cooling with
hydrogen and with water as expendable evaporants,
assuming the following allowances for tankage as
a fraction of fluid welight:

Liquid-hydrogen tankage . . . . . 1.00

Liquid-oxygen tankage . . . . . . 0.33

Water vankage . . . . .« « » .+ . o 0,11

Fig.1l6 shows a minimum total welght (propel-

lants + evaporants + tankage) at an oxygen-hy-
drogen ratio near 0.85 (for a prime mover SPC =
1.3 1b per bhphr) where no supplemental cooling
1s required. However, it will be noted that the
hydrogen flow decreases with increasing oxygen-
hydrogen ratio which will reduce the storage vol=-
ume required. Consequently, there appears to be
a trade-off between welght and volume, and system
selection may be based upon volume penalty fac-
tors, which willl vary with the application.

ENVIRONMENTAL SYSTEM HEAT REJECTION

The environmental control system removes
waste heat (sensible and latent) ultimately re-
Jecting the energy to a heat sink of one of the
following four types:

1 Low-temperature radiator - transfer by
conduction.

2 Low-temperature radlator - transfer by
cooling loop.

3 High-temperature radiator - transfer and
elevation of temperature level by vapor-cycle
heat pump, thermoelectric converter or other en-
ergy conversion device,

4 Expendable evaporants or propellants.

Early space vehicles have utilized direct
radiation from the skin to dissipate the heat
which was transferred by conduction from the
equipment. By selection of surface coatings
which demonstrate high emissivity to the long
wave length thermal radiation emitted by the skin
and which simultaneously show high reflectivity
to the comparatively short wave length solar ra-
diation, 1t has been posslble to achieve the de-
sired internal temperatures with purely passive
systems. Some of these vehicles have incorpor-
ated simple bimetallic strip-actuated shutters
to vary the emilssivity of the exposed surface as
a temperature control. C(Clearly, the simple, di=-
rect-conduction, low=temperature radiator will
be limited in application to vehicles with small
payloads, low heat loads, and relatively simple
equipment with broad environmental control re-
quirements.

Use of low=-temperature radiators with inter-
medlate coolant loops will be desired for many
applications because of installation flexibillity
and ease of control., Fig.l7 shows typical per-

]
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free space
TABLE 3
PROPERTIES OF VARIOUS EVAPORATIVE HEAT SINKS AND WORKING FLUIDS
Density Maximm
at Normal Available
Boiling Boiling Freezing tLatent Thermal Energy in
Point Point Critical Point Point Heat Capacity Expansion
1b/eu fr  deg F psia __deq ' _deg F_ Btu/Id  _Bru/lb Btu/lb
Vater 59.7 212 3206.2  705.4 32 970 sl ® 362
Aswoni & 2.6 28 1687 271.4 -108 90 748(d wel?
Nitrogen 50.5 4320 492.3  .232.9 2346 8.8 240t in(?
Oxygen 71.3 -297  130.8  -180.7 7Y TS 224(%) 172(?
Hydrogen P 423 187.7  -400.3 -3 190 2465(%) 25802
Helium 8.3 452 33.2  -450.2 458 9.4 9543 949D
Ethylene axidel') 5.1 st 1063 304 ST 269 - 1azot )
1
Wydrazine! ) 8.5 2% nl0 N7 3 550 - 1as0( ")

(1) Honopropellents

(2) For infinite pressure ratio, expander sfficiency = 1.0, and sen inlet temp = 300F

{3) MHest from bolling point temp to 300F at 300 psie

(4) Boll at 32F, superheat to 300F

formance for finned-tube radiator surfaces, where
the intermediate heat-transfer fluld 1s pumped
through the tubes. The increase in radiator spe-
cific welight with heat dissipation results from
the Increased tube-wall thickness required for
protection against micrometeorite penetration.
That is, in this case, the tube-wall thickness
i1s sized for a 95 per cent probability of sur-
vival of one year and increasing surface area
represents an increased chance of impact with
larger particles,

The desirability of using a heat pump with
a high-temperature radiator will depend upon the
ratio of the radliator specific weight to the

electrical energy source specific weight, as
shown in Fig.18. Welght reductions are obtalned
for values of this ratio in excess of approxi-
mately 3, which requires electrical energy
sources wilth specific welghts of less than 5 1lb
per kwe for 1 kw heat dissipation, 9 1lb per kw
for 10 kw, 17 1b per kwe for 100 kw, or 30 1lb per
kwe for 1000 kw, assuming an environmental system
sink temperature of 0 F., Since these specific
welghts are low, relative to those currently ob-
tainable, the near-term prospects for heat pumps
as a means of reducing welght do not appear to

be favorable, except possibly for components re-
quiring very low rejectlon temperatures or for
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Fig. 19 Integration of power and cooling
forQ=P

the case where the temperature of the radlative
heat sink is higher than the deslred source tem=-
perature.

Expendable evaporants will be at a disadvan-
tage with respect to weight as compared with ra-
diators for long-duration space milssions where
radiation to free space is possible.
assuming a radiator speciflc welght of 25 1lb per
kwy, and neglectling tankage, radlators will be
superlor to evaporants for duratlons in excess
of 7.3 hr for water and in excess of 11.9 hr for
hydrogen. The expendable evaporant may be uti-
llzed as a working fluld 1n a power cycle before
being dumped overboard. Table 3 contains a com-
parison of several fluids for use both as a heat
sink and as a working fluid. The advantages of
hydrogen over other flulds, in both capacitles,
1s evident.

SYSTEM INTEGRATION

System integration is a critical factor in

the deslign of multlpurpose systems where the out-

put requirements can vary more or less independ-
ently, but within limits which can be specified
for a particular misslon. Inter-relatioriships
exlst between certaln of the steady~-state re-
quirements, as between the lnternal heat load
and the power generation, for example, However,
the possible independence of the output require-
ments, particularly during transient conditions,

means that provision will usually be required for

supplemental energy sources and heat sinks. The
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Fig.20 Integration of power and cooling
forQ = 1.25P

concept of an integrated multipurpose hydrogen
system is attractive in that it utilizes a high-
performance fluid to the maximum extent for a
varliety of functions. Obviously, optimum propel-
lant utilization for all functions willl probably
not be possible in most appllcations.

The heart of system integratlon involves the
energy balance between the heat input to the pro-
pellant flow and the internal power generation.
Expander cycle efflclency and coolant top temper-
ature are important parameters in determining at-
tainable specific propellant consumptions, as
shown in Fig.19 for the case where the expander
power output 1s absorbed in heating of the pro-
pellant flow. Expander cycle efficiency 1s de-
fined as the product of the prime-mover adiabatlc
efficlency and the perfect-gas isentropic-expan-

sion factor, as follows: k-1

P
Cycle Efficlency = 'ﬂt 1 - (;E) k (4)
t
where
“t = expander adiabatic efficlency
Pt = expander 1lnlet pressure
Pn = expander discharge pressure

Assuming efficiencies in the 0.50-0.60 range
to be realizable at the vacuum discharge condi-
tions of space, speciflc propellant consumptions
of the order of 1.40-1.53 1lb per bhphr are indi-
cated for a coolant top temperature of 200 F,.

It should be noted that under these conditions




the prime mover will be operating with inlet tem-
peratures in the 600-800 F range.

In most space vehicles, the total heat load
will be greater than the equipment heat load rep-
resented by internal power generation. The ad-
ditional heat load 1s gilven by crew metabolism,
solar radlatlion, and aerodynamic heatling. Fig.20
illustrates the effect of a heat load 125 per
cent of the expander shaft power output on system
performance, For example, using the previously
assumed expander cycle efficlency (0.50~0.60} and
coolant top temperature (200 F), specific fuel
consumptions for power generation now fall in the
1.61-1.73 1b per bhphr range, showing a penalty
of approxlimately 0.20 1lb per bhphr. Thls penalty
corresponds to a 'specific evaporant consumption'
of 0.80 1b per hphr as compared with 2.36 lb per
hphr for water and 1.21 1b per hphr for hydrogen
as expendable evaporants providing cooling alone.

For long~-duration applications, 1t may be
preferred to provide a part of the cooling by ra-
diation to free space to minimize propellant
welght. Reduced specific propellant consumptions
can be obtained for reduced cooling capacity, as
shown in Fig.21l for the case where the heat input
to the propellant flow represents 75 per cent of
the expander shaft power output. The specific
propellant consumption will now fall 1n the 1,21~
1.33 1b per bhphr range for the coolant top tem-
perature of 200 F and expander cycle efficlency
of 0.50-0.60. The expander inlet te ~eratures
are higher for this condition of operation, fall-
ing in the 900-1200 F range, but are still below
the maximum design values for long-life, reliable
turboexpanders.

For minimum specific propellant consumption
at a gilven expander cycle efficiency, expander
inlet temperature will be a limiting factor, as
1llustrated in Fig.22 for a cycle efficiency of
50 per cent and a maximum expander inlet temper-
ature of 1800 F. In this case, a specific pro-
pellant consumption of 1.12 1lb per bhphr 1s shown
for the previously assumed coolant top tempera-
ture of 200 F with Q/P = 0.54. A radilator or
other supplemental heat sink wlll be required to
dissipate the remalnder of the heat load under
this condition of operation.

From the previous analysis, the following
summatlon can be made for a coolant top tempera-
ture of 200 F:

/P SPC

1.25 « v ¢ 4+ « 4w « » 1.73 1b/bhp hr
1,00 . v « « + . 4 . 1.53

0.75 ¢« ¢ ¢ ¢ o o « o« 1.33

o054 . . v v o . o . 1.2 T, = 1800 F

Assuming radlator specific welghts of the
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Fig.22 Integration of power and cooling for
cycle efficiency = 0. 50

order of 25 1b per kwt, 1t appears that the mini-
mum speciflc propellant consumptlon will be de-~
sired for mission durations in excess of approx-
Imately 19 hr. For missions of less than 19 hr
length, 1t may be expedient to provide all of the
cooling required in the propellant flow since the
resultant increase in specific propellant con-
sumption will be more than offset by weight re-
duction in the envirornmental control system.

POWER-SYSTEM COMPARISON

Flg.23 compares varlous types of power system
in terms of specific work output as a function

11
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Fig.24 Space-vehicle power systems--estimated optimum application

of duration. Pig.23 1s based upon the require-
ments for power generatlon only; the vehicle mis-
sion and the environmental-control and attitude-
control requirements may affect system selection.
For example, space vehicles which reenter the
atmosphere will require some type of chemical APU
and heat sink (in addition to a solar or nuclear
power unit used in space flight) to provide power
and cooling during the boost and reentry phases
of operation.

12

From the data presented in Fig.23, 1t is pos-
sibie to establish, within rather broad limits,
optimum power systems. PFig.24 is an estimate of
optimum power systems as a function of power out-
put and duration. It can be seen that for dura-
tions less than 1 hr, battery, solid-propellant,
and monopropellant systems will be used to ad-
vantage. For extremely long duratlons, solar and
nuclear systems will be optimum. Oxygen-hydrogen
secondary systems appear to be the optimum means

R




TABLE ¢
TYPICAL REQUIREMENTS -
SPACECRAFY POWER, ENVIRONMENTAL CONTROL, AND ATTITUDR CONTROL

MISSION: Earth Orbit
OCCUPANTS: J Mea

SECONDARY POWER:

Booat, Injection, Depleymeat 1 ke 3 kv

and Oriemtation

Ordital Plight Yartable 3 kv

Emergency/Standby 4 hr 3 kv

Separation, Maneuvering, 1 b 3 kv

and Re-BEntry

Post-Landing 12 e 0.2 kv
HEAT LOADS:

Occupantss 1800 Btu per hr

Solar Radiations Zere
Re-Entry: 100,000 Btw

Bquipments 3 Tw + APU EJat Generatiom
CAPSULE ENVIRONMENT:

Occupied Areas B80°F maximum

Bguipment Areas 220°F maximum

Pressurest Ses Level to 8 iuh
ATTITUDE CONTROL:

Lew thrust, Long Durationmi 0.2 1b average (colﬂnﬂau)

High Thrust, Short Durations 1000 1lb see

of power generatlion for the very important class
of space mission ranging from 1 hr to over 100
hr. In the section followlng, three types of
power system willl be compared, with the objective
of determining the effect that mission, attitude
control, and environmental control requirements
have on power-system selection in integrated
spacecraft systems,

INTEGRATED SYSTEM COMPARISON

For the purposes of comparing three different
integrated systems providing power, environmental
control and thrust, the design requirements
listed in Table U4 were assumed. The three sys-
tems to be compared are (a) oxygen-hydrogen bi-
propellant expander system, {b) oxygen-hydrogen
fuel-cell system, and (c) solar power-unit sys-
tem,

The basic environmental control system used
in all three systems 1is essentially the same.

It consists of circulating fans, heat exchangers,
} filters, oxygen and nitrogen tanks and controls;
4 it provides for internal temperature control and
atmospheric control and makeup. The atmosphere
control subsystem incorpcrates means for carbon
dioxide and water-vapor removal, odor control,
sterilization and prevention of trace contaminant
buildup. The atmospheric makeup subsystem has a
cryogenic oxygen supply and controls to maintain

the propey pjrtial pressure of oxygen in the at-
mosphere, so included is a cryogenic nitrogen
supply for makeup of leakage.

To maintain the vehlcle on its orbital course
and correct for mlnor perturbations, a continuous
control thrust of the order of 0.2 1lb 1s assumed
to be required from the attitude control system.
Also, to correct for major disturbances that may
occur during separation and for orientation dur-
ing reentry, a high thrust is required, assumed
to be 50 1b for 20 sec duration.

The equlpment requlred for emergency or
standby operation may represent an important fac-
tor in providing the high reliability requlred
of manned vehilcle systems. Selective component

or system redundancy will be required, with par-
ticular attention glven to the hazards and prob-
abillity of fallure associated with the various
components. For the present analysis, the fol-
lowing provisions are assumed:
1 Power System
Redundant prime mover and controls (ex-
pander and fuel cell)
Batterles for 12 kwhr output (solar power
unit)
2 Attitude Control System
Redundant high thrust system for 1000 1b
sec output
Redundant low thrust system for 4 hr
duration
3 Life Support Systen
Potassium superoxide backpack system for
4 hr operation
The following paragraphs are devoted to dis-
cussion of the design of the three integrated
systems to be studied:

Oxygen-Hydrozen Bipropellant Expander System
Since primary consideration is being given

to long-duration missions in this comparison to
ascertain the limits of system applicability,

the expander will be operated at conditions con-
sistent with low specific propellant consump-
tions, as follows:

Inlet temperature = 1800 F

Cycle efflciency = 50 per cent

Coolant top temperature = 200 F (Q/P = 0.54)

Specific propellant consumption = 1.12 1lb per
bhphr

Assuming a generator efficiency of 85 per
cent leads to a design propellant flow of 5.29
1b per hr, at an oxygen-hydrogen ratio of 0.90.

An additional heat sink providing for dis-
sipation of 46 per cent of the expander shaft
power output (5550 Btu per hr) and for dissipa-
tion of the metabolic heat load (1800 Btu per hr)

13
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TABLE 5
BOPIMATED IFTRGRATRD SYSTEN WRIONT - HYDROGEN-QXYOES KIPROPRILANT KXPANDER

FIIED EElOER VARIABLE WxIoEY
IOWRR SUPFLY
Rxpander Frime Nover 35 1» = 1b per hr
Assssiated Valves and Centrols i -
Cryogeale Rydregem 17 .71
Szyegenie Oxygem 15 2.5
Rydregen Tenkage 13 0.83
Qxygen Teakage 12 0.84
Batteries -
THENMAL CONTEOL SYSTEM
Radister 32
Rest Transfor leep »
Expendable Bvaporuas (i0) 7
19
51
0

Bveporant Tanksge
VATER NARACEMENT SYSTEM

Sater Ressvary Unit

Water Supply + Makeup + Filters
ATTITUDE OONTROL SYSTRN

Low Thrust, Leag Duration 45 -

Righ Thrust, Shert Duretion 37 -
ATIOEPEERE CONYTROL SYNTEM

Carben Blexide Resoval % -

Rater Vaper Remeval 16 -

Cxygen Nakewp + Tamkage

Bitregen Makeup + Tankage

Yalves, Fans, Coutrels, Ets.
JOOD AND SABITATION
STANDAY/IEKRGENCY EQUIPMENT

Expandexr Prime Nover

Asessisted Valves snd Ceutrels

Assitels Contrel

Baskpask Life Support System
TOTAL INTEGRATED SYSTEM WEIOH?

Eksca R
[] [ ] []

is required. PFor an average radiator temperature
of 40 F, this heat load requires a radiator panel
with an area of approximately 90 sq ft for radla-
tion free space. During the boost and reentry
phases of operatlion, water as an expendable evap-
orant provides cooling.

The expander discharge gas temperature is
670 F which corresponds to a specific impulse of
323 sec for an infinite pressure ratio and a noz-
zle efficlency of 1.0. Assuming a pressure ratio
of 100 and a nozzle efficiency of 85 per cent
glves a specific impulse of 257 sec or a thrust
of 0.38 1b for the propellant flow of 5.29 1b per
hr. By combustion of the discharge gas with ad-
ditional oxygen, the specific impulse can be in-
creased, it being possible to obtain controllable
thrust of the order of 1 1b in this way. If ve-
hicle dynamics require higher peak thrusts, it
may be feasible to store low-level energy in the
form of flywheels or gas accumulators.

Standby or emergency operation 1s provided
by a redundant power unit and control system.
Propellant-system reliability is insured through
use of multiple tanks. Batteries provide power
for ventilation and operation of the radio beacon
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after landing for the period prior to recovery
of the capsule.

Oxygen-Hydrogen Fuel Cell System

With fuel cells, all of the free energy of
reaction (AF° = =-5450 Btu per 1b) i1s theoretical-
ly avallable for conversion into electrical out-
put. Actually, depending upon the type of fuel
cell and its design operation, 50-70 per cent of
the free energy change 1s converted into useful
electrical output. These efficlencles correspond
to specific propellant consumptions of 0.67-0.93
1b per hphr. Allowing an efficlency of 85 per
cent for the functions of control and conversion
of the electrical output in addition to an as~
sumed fuel-cell efficiency of 70 per cent gives
a fuel requirement of 3.16 1lb per hr for 3 kw
output.

Internal heat generation in the fuel cell 1is
given by the difference between the enthalpy of
reaction (AHO = =5770 Btu per 1lb) and the elec-
trical power output. The heat load to be dissi-
pated by the environmental control system con-
sists of the following:

Btu/hr
Puel-cell internal heat load . . . . 6170
Equipment heat load . . . . . . . . 12030

Metabolic heat load . . . . . . . . 1800
Total heat 1l0ad . . . . . . . . 20000
Propellant cooling capacity . . . . _1310

Net heat rejection
toradlator . . . . . . . . . . 18690

Si1zing the radiator to dissipate this heat
load at an average radiator temperature of 40 P
leads to a radlator area of 229 sq ft. Water as
an expendable evaporant provides cooling during
boost and reentry.

Exhaust gas from the fuel cell will consist
of essentlally pure water vapor at a temperature
level depending upon the type of fuel cell used.
Assuming a discharge temperature of 200 P, a
pressure ratio of 100 and a nozzle efficiency of
85 per cent gives an available thrust of 0.083
1b. This will probably be too low to be of much
value in attitude control. The water vapor dis-
charged from a fuel cell can be better utilized
by condensation and collection for use in the
drinking supply, thereby eliminating need for a
water-recovery unit. Assuming condensation at
200 F, this will require an additional radiator
surface area of 15.2 8q ft. The waste water is
utilized in the attitude control system to pro-
vide thrust to minimize the propellant require-
ments .,




TABLE 6

BSTIMATED INTEGRATED SYNPSM WRIOUT - SYDAOGEN-OXYGES FURL CRLL POWES

FIXED WRIEE VARLAME WKIGH?
POWER SUFPLY
Fosl Cedd
Statis Inverter and Ragulater
Asasclated Valves and Cemirels
Cryegenis dydrogea
Cryogenie Oxygem
Bydregen Tankage
Oxygem Tamkage
THRRMAL OONTROL SYSTEM
Radister
Heat Trensfer Loep
Expendadle Evaporant (2,0)
Evapsrant Tankage
VATER MANAGRMEST SYSTEM
Water Condensor-Radiator 15 -
Vater Supply 9
ATTITUDE CONTROL SYSTEM
Lew Thruss, Lemg Durssiea
igh Thrust, Shers Duratiom
ADOSPRERE CONTROL SYSTEM
Cardem Diexide Removal
Tater Vaper Remeval
Oxygen Mekeup + Tankage
Bitregen Nakeup + Tankage
Velves, Fans, Centrols, Ets.
FOUD AND SANITATION
STANDDY/RRRGENCY EQUKPNENT
Fusl Gadl
Assesiated Valves amd Centrels
Attitude Centrel
Baskpask Life Support Gystem
T0%4AL INTRARATED SYSTEN WEIGR?

300 b « 1b per px;

0435
2.8
0.2
0.94

cBEg zrzo¥t
[} [] [] [}

- -2
- -
-
'8

0036
0.03

0.20

kis§ BREIE

E
&

1% per M,

Batterlies are not required with a fuel-cell
system, since fuel cells operate efficiently at
low power levels, and are essentially independent
of discharge pressure. Emergency operation 1is
provided by a redundant fuel-cell and control
system, as wlth an expander.

Solar-Power-Unit System

In this system, power 1is provided with a
Rankine-cycle heat engine, using a solar concen~
trator as the energy source. The weight of this
system 18 estimated to be 750 1lb, including ener-
&y storage for dark~side operation. Batteriles
provide power prior to erection of the solar col-
lector and during reentry.

The environmental control system dissipates
a heat load consisting of 3 kw arising from the
equipment and 1800 Btu per hr from the occupants.
A radlator siged to dissipate this heat load at
an average temperature of 40 P will have an area
of 148 sq ft.

Since the power unlt produces no waste gases,
the attitude control requirements must be sup-
plied entirely from a special system provided
for that purpose, The attitude control require-
ments for this type of system will probably be

TABLE 7
ESTDNATED LNTEGRATED SYSTEM WEIGHT - SOLAR FOUER WMIT

FIXED WRIGE? VARLANLE WRIGH? |
POWER SUPPLY }
Selar Pewer Uit 15 1» - 1% por hr i
Satteries 109 -
Statie Iuverter » -
TEEMEAL COFFROL JFYSTEM
Radiater 65 -
Reat Tranafer Leey 92 -
Expesdable Rvaperant (I’D) 154 -
Bvaperant Tankage 21 -
WATER BANAGRNENT SYSTEM
Sater Resovery Unit 014 -
Sater Supply + Makewp + Filters 19 0.07
ATTITUDRE COWTROL SYSTEM
Low Thrust, Leag Duratice 73 3.12
High Thrust, Shert Dursties 37 -
ATMDSPHERE CONTROL SYSTEM
Garben Blexids Removal % -
Yeter VYapexr Remeval 16 -
Oxygea Makewp + Tankage ki 0.36
Nitregen Nakeup ¢+ Tankage 92 0.03
Valves, Fans, Contrels, Ete. 42 -
JOOD AND SANITATION 22 0.20
STANDDY/EMERGENCY EQUIPMERY
Batterise 282 -
Attitule Ceatrel 129 -
Baskpask hife Suppers Syetem 102 —_
T07AL INTHGRATED SYSTEM WRIGHY 2291 1» 3.78 1b per ar

more critical than those for the other two, be-
cause of the accuracy of sum tracking required
for proper operation of the solar collector,
Tables 5, 6 and 7 contain weight comparisons
for the three types of systems under considera-
tion for the hypothetical manned orbital vehicle.
The welght estimate 1s divided into two quanti-
ties: a fixed weight, which is determined by the
requirements with respect to boost, reentry and
emergency modes of operation; and a variable
weight, which i1s dependent upon the time in or-
bit. Table 8 summarizes the weight comparison

Table 8 Summary of Weights
Fixed weight, Variable weight,

1b b/hr
Hz-o2 expander . . 1114 7.62
112-02 fuel cell. . 1811 6.77
Solar power unit . 2291 3.78

In this case, the oxygen-hydrogen expander
will be superlor to the fuel-cell system and the
solar-powered system for durations less than 306
hr. The expander system weights are based upon
the assumption that expander exhaust, which pro-
vides a maximum thrust of 0.38 1b, can be used
for attitude control. Little information 1=z
avallable concerning vehicle attitude control re-
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Quirements, although some investigators of vehi-
cle dynamics hold that although an average thrust
level of this magnitude may be adequate, higher
peak thrusts will be required to insure vehicle
stability. In that event, the weights relating
to the attitude control system can be subtracted
from all three systems to give the comparative
system welghts in Table 9 (assuming use of an ex-
haust-gas recuperator on the expansion cycle to
reduce SPC to 1.05 1lb per bhphr):

Table 9 AdJjusted Welght Comparison
Fixed weight, Variable weight,

1b 1b/hr
HZ-O2 expander . . 957 6492
32-02 fuel cell. . 1591 4.90
Solar power unit . 2058 0.66

Below 314 hr, the expander is superior to the
fuel cell, although the solar system 18 superior
to both for durations greater than 176 hr.

Certain limitations 1n the foregolng analysis
should be indicated:

1 The systems shown do not represent optimum
configurations. In addition, the weights given
are not necessarily complete in allowing for
plumbing, mounting provisions, and so on, but are
relative,

2 The tankage weights are qulte approximate
in representing attainable performance and do not
accurately reflect penalties for long-duration
storage.

3 The fuel=cell specific weights which were
assumed are indicative of the present state of
the art and may be substantially reduced.

4 Expander-system performance 1s based upon
simple cycles. Substantial improvements in per-
formance are possible with more complex cycles
and with refinement in prime mover design.

CONCLUSIONS

Cryogenic hydrogen can be used in multipur-
pose systems for spacecraft advantageously for
durations from 1 hr to durations substantially
in excess of 100 hr. The maximum duration for
optimum application depends upon the vehicle at-
titude control requirements and the ability to
utilize the large total impulses, at low thrust
levels, contained in the working fluid discharged
from an open-cycle expansion power unit.

In short-duration applications (less than ap-
proximately 19 hr), the system will be operated
with the propellant flow capable of absorbing the
vehicle heat load to attain minimum system welght.
For longer durations, the system will be designed
for the minimum specific fuel consumption, using
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space radlators to reject the heat in excess of
the cooling capacity avallable in the propellant
flow,

In order to make optimum use of a cryogenlc-
hydrogen system, consideration must be given to
energy requirements of the other major systems on
the vehlcle., The characteristics of cryogenic
hydrogen which make 1t attractive in integrated
systems can be summarized as follows:

1 Low molecular weight - high energy working
fluid.

2 Very low temperature heat sink.

3 High specific heat - high thermal capac!-
heat sink.

% High heat of combustion with oxygen.

Thus, hydrogen acts as a high-performance
working fluild in a power cycle and as a high-
performance propellant for attitude control. The
low-temperature cooling capabilities can be used
to advantage for such purposes as atmosphere con-
taminant freezeout and infrared detector cooling.
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